Abstract The pleiotropic cytokine interleukin-6 (IL-6) has been demonstrated to increase during exercise. Little is known regarding the response of the soluble IL-6 receptors (sIL-6R and sgp130) during such exercise. The aim of the current study was to investigate the response of plasma IL-6, sIL-6R and sgp130 during fatiguing submaximal exercise in humans. Twelve participants underwent an incremental exercise test to exhaustion and one week later performed a submaximal exercise bout (96±6% lactate threshold) to volitional exhaustion. Blood samples taken at rest and immediately post exercise were analyzed for IL-6, sIL-6R and sgp130. IL-6 increased (P<0.01) by 8.4±8.9 pg ml −1 (75.7%) during the exercise period. sIL-6R and sgp130 also increased (P<0.05) by 2.7±3.9 ng ml −1 (9.6%) and 37.7±55.6 ng ml −1 (9.6%), respectively. The current study is the first investigation to demonstrate that alongside IL-6, acute exercise stress results in an increase in both sIL-6R and sgp130.
Introduction
Since 1991, when Northoff and Berg (1991) first discovered that the myokine IL-6 increased during exercise, numerous studies have demonstrated that IL-6 can increase up to 100 fold during exercise, in a duration and intensity dependent manner (Ostrowski et al. 1998; Pedersen and Fischer 2007) . In addition to its well established role in the regulation of immune function (for review see Jones 2005) recent work has identified a number of additional roles for this pleiotropic cytokine. One of those emerging for IL-6 is that it crosses the blood brain barrier leading to hyperalgesia (DeLeo et al. 1996) , increased feelings of fatigue (Nishimoto et al. 2000) , increased feelings of depression and a reduced ability to concentrate (Spath-Schwalbe et al. 1998) . These central effects of IL-6 can be highlighted during exercise where infusion of IL-6 reduces the performance of a 10K time trial, possibly due to an increased serotonergic activity in the central nervous system (Robson-Ansley et al. 2004) .
Further work has demonstrated that infusion of IL-6 increases lipolysis and fat oxidation in adipocytes at rest (Petersen et al. 2005) but not during low-intensity exercise (Hiscock et al. 2005) . In contrast, IL-6 infusion has been found to have equivocal effects on glucose metabolism at rest (Carey et al. 2006; Geiger et al. 2007 ) but increases endogenous glucose production during exercise . Critically, none of these aforementioned investigations, looking into the biological effects of IL-6, have taken into account the possible role of the receptors through which IL-6 signalling is mediated (e.g. Chow et al. 2001) .
Under normal conditions IL-6 signals through the membrane bound IL-6R and gp130 receptors (Heinrich et al. 2003) . Whilst gp130 is ubiquitously expressed (Hibi et al. 1990 ) IL-6R expression is limited mainly to hepatocytes and leucocytes (Jones 2005) , the midbrain, hypothalamus (Miyahara et al. 2000) and approximately 60% of adipocytes (Bastard et al. 2002) . With respect to skeletal muscle, at rest and during exercise there is relatively little IL-6R expression with this increasing in the recovery period and peaking several hours post-exercise (Keller et al. 2005a, b) . In tissues where IL-6R is devoid or lacking, IL-6 can signal through a system of soluble receptors, sIL-6R and sgp130, with the formation of an IL-6/sIL-6R complex acting agonistically to increase IL-6 activity, a process named trans-signalling (Jones et al. 2001 . On the other hand, signalling via this complex can be blocked by the antagonistic sgp130, by forming a tertiary IL-6/sIL-6R/ sgp130 complex which is biologically inactive (Jostock et al. 2001) . These soluble receptors have previously been found to regulate the activity of IL-6 in many situations including the inflammatory processes involved in many chronic diseases .
It is surprising, therefore, that there have been very few investigations which have investigated the effect of exercise on these soluble IL-6 receptors. In the only study, to our knowledge, investigating sIL-6R levels during exercise there appeared to be a trend for an increase with exercise, with relatively low subject numbers (n=6) (Keller et al. 2005b) . No investigations to date, have measured sgp130 levels during exercise. The aim of the present study, therefore, was to investigate the response of plasma IL-6 and its soluble receptors during an acute exercise stress to fatigue.
Results
The criterion for V Á O 2max was met by all participants in the preliminary test. This physiological maximum was determined based on meeting at least three of the following four criteria: 1) change in V Á O 2 <2 ml kg −1 min −1 between the last minute of the test and the last minute of the previous workload; 2) respiratory exchange ratio ≥1.15; 3) achieving age predicted maximal heart rate (220-age); 4) maximum blood lactate >8 mmol l −1 . The data from this preliminary test is detailed in Table 1 . During the submaximal exercise participants on average fatigued after 56.3±26.0 min of cycling. This acute exercise stress resulted in an increase (P=0.007) in IL=6 from 11.1± 10.3 pg ml −1 at rest to 19.5±14.1 pg ml −1 , a rise of approximately 81%. Circulating levels of sIL-6R also increased (P=0.036) from 28.1±6.6 ng ml −1 at rest to 30.8±9.1 ng ml −1 , a rise of approximately 10%, in response to the experimental protocol. Similarly sgp130 levels increased (P= 0.024) from resting levels of 391.6 ± 124.3 ng ml −1 to 429.3±166.1 ng ml −1 at the end of exercise, an increase of approximately 10%. Blood glucose levels decreased (P=0.006) from 5.7±0.5 mmol l −1 to 5.2± 0.6 mmol l −1 in response to the acute exercise stress.
Discussion
The current investigation has demonstrated that during a single submaximal exercise bout to fatigue there is a significant increase in not only plasma IL-6 but also in its soluble receptors sIL-6R and sgp130 (Fig. 1) . Several investigations have demonstrated that in response to exercise circulating levels of IL-6 increase and the current investigation supports these findings (e.g. Pedersen et al. 2004) . Little work, however, had previously investigated the response of the soluble IL-6 receptors to exercise. This is surprising since these receptors extend the half-life of IL-6, mediate its biological activity and are involved in many biological processes (for review see Jones et al. 2005) . (Beaver et al. 1985) , and was used to calculate the workload required to elicit approximately 95% V Á O 2max which was used in the subsequent experimental trial.
Previous work has investigated the response of sIL-6R during exercise and found that whilst exercise stimulated membrane bound IL-6R production there was no statistically significant effect of exercise on circulating levels of sIL-6R (Keller et al. 2005b ). However, there were only six subjects participating in this investigation and, in addition, there were no measures of sgp130. The current data (n=12) demonstrate that both sIL-6R and sgp130 also increase after an acute exercise stress concurrent with a decrease in circulating glucose levels. The current study has investigated a single bout of exercise. A different response of IL-6 and the receptors is noted after repeated exercise (training) where sIL-6R levels have been found to be decreased in patients with chronic heart failure (Adamopoulos et al. 2002) and also decreased in obese women when exercise is combined with a hypocalorific diet (You et al. 2004) . A similar response in IL-6 has also been found after an exercise intervention (Starkweather 2007 ) on several, but not all, occasions (Olson et al. 2007 ), highlighting the difference in the response of IL-6 and its receptors to acute and chronic exercise stress.
Soluble IL-6R is produced by either proteolytic cleavage (PC) or domain splicing (DS) from the membrane bound receptor with resting levels being mainly DS sIL-6R with PC sIL-6R increasing with Ca 2+ mobilization (Jones et al. , 2001 ). Once in the circulation sIL-6R acts agonistically to augment the activity of IL-6 (Jones and Rose-John 2002) . This would suggest, therefore, that in the current investigation the previously demonstrated effects of IL-6 on endogenous glucose production ) and fatigue (Robson-Ansley et al. 2004 ) may in part be mediated by the concurrent increase in sIL-6R, leading to a greater IL-6/sIL-6R complex. Indeed, in their study, Febbraio and colleagues (2004) concluded that the glucose production modulating properties of IL-6 are regulated by an as yet unidentified contraction-induced factor. This increase in sIL-6R during exercise stress, when membrane bound IL-6R expression is low (Keller et al. 2005b) , make it a possible candidate to fulfil this criteria of the contraction induced factor, increasing IL-6 signalling via an enhanced trans-signalling. However, when the response of sgp130 receptors is considered this may not be the case.
Alongside the increase in IL-6 and sIL-6R observed in the present study we have shown for the first time that there was also a 10% increase in sgp130 during exercise. This receptor is generated by a shedding mechanism with the majority being the result of alternative mRNA splicing (Diamant et al. 1997 ). The precise mechanism which initiates the generation of sgp130 is unknown and so we are unable to suggest the pathway by which exercise has resulted in this increased production of sgp130. Soluble gp130 acts as a buffer for any increase in the IL-6/sIL-6R Fig. 1 The response of IL-6, sIL-6R and sgp130 to a submaximal exercise bout to fatigue. * denotes a significant difference from rest, P<0.05 (n=12). At least one week after the initial test, subjects visited the laboratory after a 12 h fast and having avoided any alcohol, caffeine or strenuous exercise for 24 h prior to testing. To ensure euhydration, subjects consumed 1 l of water the night before and 0.5 l 2 h before the experiment. Previous work from our laboratory has shown that this preparation ensures euhydration, as measured by urine specific gravity (Marshall et al. 2006) . Subjects then performed cycling exercise at 96±6% LT until volitional exhaustion with water permitted ad libitum throughout. Blood samples were obtained by venepuncture (20 G Insyte-W, BD, USA) from an antecubital vein at rest and immediately post-exercise. Blood samples were collected in K + EDTA tubes. For glucose analysis blood was aliquoted into perchloric acid, centrifuged and the supernatant frozen at −80°C until analysis. For cytokine determination blood samples were centrifuged, the plasma removed and frozen at −80°C until analyses. Samples were assayed in duplicate for IL-6 (CV=6.4%), sIL-6R (CV=3.4%) and sgp130 (CV=3.4%) via enzyme-linked immunosorbent assay using commercially available antibody pairs (IL-6:OptEIA IL-6 set; sIL-6R: M5 capture Ab and M182 detection Ab, and sgp130:A1 capture Ab and D2 detection antibody, all from BD Biosciences, Oxford, UK). Blood glucose (CV=1.7%) was also measured spectrophotometrically using commercially available kits (Randox, UK). Pre and postexercise blood samples were compared via paired t-tests. Significance was accepted at P<0.05. Data are presented as Mean ± SD complex, serving to inhibit transsignalling and decrease the biological activity of IL-6 (Jostock et al. 2001 ). Our previous suggestion of an increase in transignalling during exercise would appear, therefore, to be offset by the concurrent rise in the agonistic sgp130. It has been estimated, however, that within its normal concentration range the buffering capacity of sgp130 is limited (Dimitrov et al. 2006 ) and may therefore be unable to significantly affect the increase in transignalling via the IL-6/sIL-6R complex.
Although the current study is the first study to investigate the response of the major aspects of the circulating IL-6 signalling system to exercise, further investigation into the precise role of these responses is required. Indeed, while enzyme-linked immunosorbent assays measure levels of IL-6, sIL-6R and sgp130, they can only provide a measure of the total content of each of these cytokines and do not provide any information on the levels of these which are free or in either the binary or tertiary complex. For this reason, new methods have recently been developed which allow the accurate measurement of the amount of IL-6/sIL-6R complex (Scheller et al. 2004 ). The application of methods such as these is crucial to further our understanding of the response of the circulating IL-6 system during exercise stress.
One possible limitation to the current data is that changes in plasma volume during the exercise period were not accounted for. The plasma volume changes should, however, be minimal as subjects were allowed to consume water ad libitum during exercise, resulting in no change in body mass over the hour (data not shown). From similar exercise protocols in our laboratory plasma volume changes have been between 3 and 5% (Layden et al. 2004) accounting for around half of the 10% increase in sIL-6R and sgp130 observed. Furthermore, it has been argued that the level of the parameter at the time, irrespective of plasma volume shifts, is the important factor as it is this that determines the body's response (Kargotich et al. 1998 ), i.e. an increase in transignalling.
In conclusion, the present investigation has demonstrated that submaximal cycling exercise to fatigue, in sedentary middle-aged men, results in an increase in not only IL-6 but also in its soluble receptors, sIL-6R and sgp130. Further work is required to determine the effect of these changes on the biological activity of IL-6.
